Abstract: Berberine (BBR), an isoquinoline alkaloid mainly isolated from plants of Berberidaceae family, is extensively used to treat gastrointestinal infections in clinics. It has been reported that BBR can block human ether-a-go-go-related gene (hERG) potassium channel and inhibit its membrane expression. The hERG channel plays crucial role in cardiac repolarization and is the target of diverse proarrhythmic drugs. Dysfunction of hERG channel can cause long QT syndrome. However, the regulatory mechanisms of BBR effects on hERG at cell membrane level remain unknown. This study was designed to investigate in detail how BBR decreased hERG expression on cell surface and further explore its pharmacological rescue strategies. In this study, BBR decreases caveolin-1 expression in a concentration-dependent manner in human embryonic kidney 293 (HEK293) cells stably expressing hERG channel. Knocking down the basal expression of caveolin-1 alleviates BBR-induced hERG reduction. In addition, we found that aromatic tyrosine (Tyr652) and phenylalanine (Phe656) in S6 domain mediate the long-term effect of BBR on hERG by using mutation techniques. Considering both our previous and present work, we propose that BBR reduces hERG membrane stability with multiple mechanisms. Furthermore, we found that fexofenadine and resveratrol shorten action potential duration prolongated by BBR, thus having the potential effects of alleviating the cardiotoxicity of BBR.
Introduction
The human ether-a-go-go-related gene (hERG) potassium channel confers the rapid activating component of the cardiac delayed rectifier potassium current (I Kr ), which is crucial for repolarization of cardiac action potential. Dysfunction of the hERG channel could cause long QT syndrome (LQTS) characterized by delayed repolarization and prolonged QT interval, which increases the risk of ventricular arrhythmias and sudden death. 1 However, diverse therapeutic drugs can induce LQTS via inhibition of hERG with a wide range of mechanisms. Dofetilide and cisapride acutely inhibit hERG current. 2, 3 Desipramine reduces hERG expression via inhibiting trafficking and promoting endocytosis and degradation. 4 Pentamidine impedes hERG trafficking from endoplasmic reticulum (ER) to cell membrane. 5 Arsenic trioxide simultaneously decreases channel synthesis and inhibits channel trafficking. 6, 7 Berberine (BBR), an alkaloid mainly extracted from plants belonging to Berberidaceae family, has been extensively used to treat gastrointestinal infections and has a variety of pharmacological effects including anti-hyperlipidemia, antiinflammation, and anti-arrhythmia. Previous researches showed that BBR acutely blocks hERG channel in Xenopus oocytes by interacting with the two aromatic amino acid residues (tyrosine [Tyr652] and phenylalanine [Phe656] , which are thought as the universal binding sites for various hERG channel blockers) located in In addition, we recently reported that BBR reduces hERG plasma membrane expression, through disrupting trafficking after long-term exposure. 10 However, the regulatory mechanisms at cell membrane level and the binding sites mediating hERG expression reduction after BBR incubation have not been documented. Caveolin-1 (Cav-1), a major protein constituent of caveolae, co-localizes with hERG protein on cell surface. 11 The expression level of cav-1 is closely associated with cholesterol on membrane. 12 Coincidently, BBR has been identified to possess cholesterol-lowering effect. 13 Hence, we speculate that cav-1 involves in BBR induced reduction of the hERG channel. Previous report illustrated that BBR acutely block hERG channel by interacting with specific residues (Tyr652 and Phe656). 8 However, there was no report to elucidate that the binding sites mediate hERG reduction triggered by BBR incubation. This study uses site-directed mutagenesis to identify the binding sites that mediate long-term effect. Moreover, we try to search for rescue strategies for BBRtriggered hERG channel deficiency on account of its high proarrhythmic potential. Various reagents have been found to effectively rescue hERG deficiency. In this report, we tested three drugs for their ability to rescue BBR-induced hERG inhibition.
Materials and methods reagents
BBR (Sigma-Aldrich Co., St Louis, MO, USA), astemizole (Sigma-Aldrich Co.), and fexofenadine (Sigma-Aldrich Co.) were dissolved in DMSO as a stock (10 μM, 5 μM, and 5 μM, respectively). Resveratrol (Aladdin Industrial Corporation, Shanghai, People's Republic of China) was dissolved in ethanol as a stock (10 μM). Drug solutions were diluted in cultured medium before use. Cells were incubated with drugs for 24 hours.
cell culture
Human embryonic kidney 293 (HEK293) cells and HEK293 cells stably expressing the wild-type (WT) hERG gene (hERG-HEK293, provided by Professor Zhiguo Wang, Harbin Medical University) were cultured at 37°C and 5% CO 2 in Dulbecco's Modified Eagle's Medium (DMEM; Hyclone, Logan, Utah, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Bioind, Israel). For hERG-HEK293 cells, 400 μg⋅mL -1 gentamycin (G418; Thermo Fisher Scientific, Waltham, MA,USA) was added to the medium.
Neonatal rat ventricular myocytes (NRVM) were isolated from dissected hearts of 1-to 2-day-old neonatal Sprague Dawley rat (The Experimental Animal Center of The Second Affiliated Hospital of Harbin Medical University, Harbin, People's Republic of China). Ventricular parts were excised and minced on ice, treated with an enzyme solution containing 0.1% trypsin (Beyotime, Shanghai, People's Republic of China) at 37°C for 10 minutes. After discarding the first digestion supernatants, three repeated digestions were performed. The supernatants were stored in DMEM containing 10% FBS and 1% penicillin-streptomycin (100 U⋅mL -1 and 100 μg⋅mL -1 , respectively) and then centrifuged for 5 minutes at 1500 g⋅min -1 . The cell pellets were incubated to obtain cardiomyocytes by differential adhesion for 1.5 hours. The supernatant was then plated onto new dishes with DMEM containing 10% FBS and 1% penicillin-streptomycin. The proliferation of the remaining fibroblasts was inhibited by the addition of 10 μM 5-bromodeoxyuridine (SigmaAldrich Co.). Cardiomyocytes were cultured for 2 days before use.
Guinea pigs (250-300 g, either sexes) were bought from The Experimental Animal Center of The Second Affiliated Hospital of Harbin Medical University. The procedure of myocyte isolation was done as described previously. 14 Briefly, the guinea pigs were killed by cervical dislocation and their hearts were rapidly retrogradely perfused on a modified Langendorff perfusion apparatus with Tyrode's solution (136 mM NaCl, 5.4 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 0.33 mM NaH 2 PO 4 , 10 mM glucose, and 10 mM HEPES, with pH 7.4) at 37°C for a few minutes until the effluent is without blood. Then, the heart was perfused with Ca 2+ -free Tyrode's solution till the heart stopped beating, followed by the perfusion in the same solution containing 150 kU⋅L -1 type II collagenase (Worthington Biochemical Corporation, Lakewood, New Jersey, USA) and 1% bovine serum albumin (Huashun Biotechnology, Wuhan, Hubei Province, People's Republic of China). Cells were obtained by pipetting the softened, minced tissue gently in KB solution (70 mM glutamic acid, 15 mM taurine, 30 mM KCl, 10 mM KH 2 PO 4 , 0.5 mM MgCl 2 , 0.5 mM ethylene glycol tetraacetic acid, 10 mM HEPES, 10 mM glucose, and 1% bovine serum albumin, with pH 7.4) and stored at 4°C for analysis. All solutions were oxygenated at 37°C for 1 hour. Guinea pigs were housed with up to two other animals of the same sex at a room temperature of 19°C-25°C with a relative humidity of 30%-70%. All experiments were approved by the institutional animal care and ethics committee of Harbin Medical University.
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Western blot analysis
The cells were scraped into tubes after adding RIPA (Beyotime, Shanghai, People's Republic of China) and PMSF (100 mM; Beyotime, People's Republic of China). Cell lysis was performed by sonicating three times and then centrifuging at 13,500 rpm for 15 minutes. The supernatants were collected and protein concentration was determined by Bradford's method. The proteins (100 μg per sample) were separated by SDS-PAGE and then transferred to a polyvinylidene difluoride membrane. Subsequently, the membrane was probed with antibodies against hERG (Santa Cruz, USA), cav-1 (Cell Signaling Technology, USA), and actin (Zhongshanjinqiao, Beijing, People's Republic of China), respectively. After that, membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (Li-CoR). The bands were detected with the Odyssey instrument (American Gene Corporation). The blots were analyzed and quantified with a Scion Image.
Transfection
Cav-1-siRNA (Santa Cruz Biotechnology Inc., Dallas, TX, USA) was used to knockdown the basal expression level of cav-1. The hERG cDNA mutations, Y652A (tyrosine to alanine) and F656V (phenylalanine to valine), were kindly provided by Professor Zhiguo Wang. Ctl-siRNA or Cav-1-siRNA was transfected into hERG-HEK293 cells and WT, F656V or Y652A cDNA, was transfected into HEK293 cells. In brief, cells were plated in 25 mm dishes at the required density and were incubated overnight. Approximately 3-4 hours prior to transfection, the media in the dishes were changed with 4.5 mL DMEM. Then, 250 μL opti-MEM and 12.5 μL lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) were added to the tube labeled A and 250 μL opti-DMEM and 2 μg siRNA or 4 μg cDNA were added to the tube labeled B, then the solutions in A and B were mixed. After incubation at room temperature for 20 minutes, the mixture was added to cells in the dishes. The cells were cultured at 37°C in a humidified CO 2 incubator. The transfection took place 48 hours prior to analysis.
Patch-clamp recording techniques
hERG current and action potential recordings were performed using whole cell patch-clamp techniques. Cells were harvested after trypsinization, centrifugation, and then stored at 4°C in bath solution (136 mM NaCl, 5.4 mM KCl, 5 mM HEPES, 1 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM glucose, with pH 7.4). The cell suspensions were seeded in a recording chamber using a microscope (Olympus IX-70; Olympus Corporation, Tokyo, Japan) and were superfused with the bath solution at a rate of 1.0 mL⋅min -1 . The whole-cell configuration was formed by applying a pipette with a tip resistance of 1-3 MΩ. The cell membrane was sucked to form a whole-cell configuration after offsetting the junction resistance. The current was recorded with an Axonpatch-200B amplifier (Axon Instruments Inc, Union City, CA, USA). The action potentials in guinea pig cells and NRVM were recorded after overnight culture in M199 medium (Thermo Fisher Scientific, Waltham, MA, USA). The recordings were performed with a myocyte pipette solution (20 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, 5 mM ATP, 5 mM EGTA, and 110 mM aspartate with pH 7.3). pClamp 9.2 (Axon Instruments) was used to control the protocols.
Data analysis
The data are expressed as the mean ± standard error of the mean (SEM). Differences between the means were obtained using an unpaired two-tailed Student's t test. P-values ,0.05 were considered statistically significant.
Results
BBr inhibited herg channel on membrane via cav-1 interference
To find out whether the regulatory mechanisms at the cell membrane level take part in BBR-induced hERG channel deficiency, we tested the effect of BBR on cav-1. Cav-1, whose expression level is closely associated with cholesterol on the membrane, is reported to co-localize with hERG protein on the cell surface. 11 Moreover, BBR is able to lower the cholesterol levels via the LDLR pathway. 13 Therefore, we hypothesize that cav-1 involves in BBR-induced reduction of hERG channel. As shown in Figure 1A , after incubation with BBR for 24 hours, cav-1 in hERG-HEK293 cells was decreased to 87.37%±4.50% (1 μM) and 56.94%±2.14% (10 μM), respectively. Then, we transfected hERG-HEK293 cells with cav-1-specific siRNA to further test whether cav-1 participates in BBR-induced hERG stability defect at the cell surface (cav-1 was successfully inhibited to 75.59%±1.64% in Figure 1B) . The inhibition ratio of 155 kDa hERG protein by 10 μM BBR was found to reduce from 66.03%±7.05% (Ctl-siRNA) to 39.04%±8.38% (Cav-1-siRNA) ( Figure 1C ). Together, these results suggested that BBR could reduce hERG expression on membrane by interfering with cav-1.
Phe656 and Tyr652 binding accounts for BBR-induced hERG channel deficiency
To clarify whether hERG channel deficiency caused by BBR incubation was also on account of Phe656 and Tyr652 binding 
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Yan et al similar to acute application of BBR. 8 We studied the effects of BBR on mutant channels by transfecting HEK293 cells with WT-hERG, Y652A-hERG, or F656V-hERG. Figure 2A shows Western blot analysis and statistics. The expression of mature 155-kDa hERG protein was strongly inhibited by 10 μM BBR, at an inhibition ratio of 29.20%±2.73%. While BBR shows no obvious effect on that of F656V-hERG or Y652A-hERG. The electrophysiological recordings were consistent with western blots, where we measured WT-hERG tail current was significantly inhibited by 10 μM BBR after incubation for 24 hours (the inhibition ratio under 40 mV is 81.40%) and F656V-hERG or Y652A-hERG tail current was not affected (Figure 2B-D) . The hERG currents were elicited by a 3-second depolarizing step in 10 mV increments from -60 mV to 40 mV, from a holding potential of -80 mV, followed by a 3-second step to -50 mV record tail current. These results suggest that BBR-induced hERG channel deficiency was on account of Phe656 and Tyr652 binding.
Pharmacological rescue of BBr-induced hERG channel deficiency
To seek rescue strategies for BBR-induced hERG channel deficiency, we chose three drugs (resveratrol, astemizole, and fexofenadine, which were previously used to 
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Yan et al correct trafficking of hERG channel) to test whether the misprocessed hERG channel by BBR could be transported to the cell surface. Resveratrol is able to rescue the trafficking inhibition of hERG and relieve the ER stress triggered by arsenic trioxide. 14 Astemizole promotes forward trafficking from ER to cell surface inhibited by pentamidine in a competitive way. 5 Fexofenadine is often used to rescue trafficking defect of hERG because of the advantage that rescue without blocking the channel. 15 hERG-HEK293 cells were incubated with 10 μM BBR, followed by 10 μM resveratrol ( Figure 3A) , 5 μM astemizole ( Figure 3B ,) or 1 μM fexofenadine ( Figure 3C ) for 24 hours before immunoblotting. 
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To further investigate whether the rescued mature hERG proteins were functional, currents recorded from hERG-HEK293 cells under the same conditions were analyzed. The rescue ratio was calculated by the function (I co-incubation -I BBR )/I control . Before recording, astemizole was washed out for 1 hour because of its high-affinity block on hERG. In Figure 4A and C, application of 10 μM resveratrol and 1 μM fexofenadine rescued hERG tail current reduction in the presence of 10 μM BBR. The rescue ratios of resveratrol and fexofenadine were 16.38% and 14.00% at +40 mV, respectively. However, astemizole showed no rescue effect on inhibited hERG current by BBR ( Figure 4B ), which was not coincident with the result from the Western blot.
Together, these data illustrate that resveratrol and fexofenadine showed functional rescue of hERG channel deficiency triggered by BBR, while astemizole only recovered protein expression.
reverse of BBr-induced action potential duration prolongation
To find whether fexofenadine and resveratrol could also rescue BBR-induced action potential duration (APD) prolongation, 10 we studied the effects of BBR and fexofenadine or resveratrol on action potential recorded in NRVM. Myocytes were incubated for 24 hours under control conditions, with 10 μM BBR, 10 μM BBR +10 μM resveratrol or 1 μM fexofenadine. Figure 5A shows that APD of NRVM was significantly prolonged by 10 μM BBR (blue line). The APD 50 and APD 90 were prolonged from 5.80±0.49 ms and 25.47±1.28 ms in control to 27.32±1.74 ms and 135.25±11.76 ms, respectively. Resveratrol (10 μM) shortened the prolonged APD by BBR (green line). The APD 50 and APD 90 were shortened to 10.98±1.80 ms and 46.87±7.27 ms, respectively. Fexofenadine (1 μM) also shortened prolonged APD of NRVM by BBR (red line), the APD 50 and APD 90 were shortened to 7.75±0.63 ms and 37.78±2.72 ms, respectively.
Moreover, we applied 10 μM resveratrol to detect whether prolonged APD in guinea pigs by BBR 10 could also be shortened. The freshly isolated guinea pig cardiomyocytes were incubated overnight under control conditions, with 10 μM BBR and 10 μM BBR +10 μM resveratrol. Figure 5B shows that APD 50 Together, these results suggest that both resveratrol and fexofenadine could be used to rescue BBR-induced APD prolongation of cardiomyocytes.
Discussion
In this study, we demonstrated that 1) cav-1 participates in BBR-induced hERG deficiency on cell surface; 2) residues Tyr652 and Phe656, essential components of hERG binding sites, mediate hERG surface expression inhibition by BBR incubation; and 3) fexofenadine and resveratrol can shorten APD of ventricular cardiomyocytes prolonged by BBR.
BBR is an isoquinoline, which is extensively used to treat gastrointestinal infections in clinics for many years. BBR has been reported previously to block hERG currents expressed in HEK-293 cells and Xenopus oocytes after acute application. 8 Recently, we found that long-term application of BBR induced hERG channel reduction by disrupting channel trafficking. 10 In addition to acutely blocking hERG channel and indirectly inhibiting hERG protein trafficking to cell membrane, there are clues inferring direct effect of BBR on the membrane. Overall comprehension of the mechanisms that caused hERG dysfunction will help to discover more rescue approaches. Cav-1, an integral membrane protein known to modulate numerous proteins at the plasma membrane including ion channels, has been reported to interact with hERG channel and negatively regulate hERG expression.
11
The expression level of caveolin is closely associated with the level of cellular cholesterol. 12 Otherwise, BBR was reported to be a cholesterol-lowering drug working through elevating LDLR expression. 13 Thus, we proposed the hypothesis that BBR could affect hERG expression via cav-1. The results of our study confirmed this hypothesis. BBR decreased the expression of cav-1 ( Figure 1A ) and knocking down the basal expression of cav-1 alleviated BBR-induced hERG decrease on plasma membrane ( Figure 1B and C) . Our data are consistent with the report that probucol, also a cholesterol-lowering drug, decreases hERG expression through accelerating cav-1 degradation. 16 Hence, we conclude that BBR reduces surface hERG protein through promoting hERG internalization due to its co-localization with cav-1 on the membrane.
The mechanisms of drug-induced hERG channel deficiency mainly include two types: 1) directly blocking hERG channel and 2) indirectly disrupting channel protein synthesis, trafficking, or degradation. The direct mechanism Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Rescue for berberine-induced hERG channel deficiency proposed is binding to the amino acid residues (Tyr652 and Phe656) in the S6 transmembrane helix of hERG channel subunit. High-affinity dofetilide binding to hERG expressed in Xenopus oocytes involves Phe656 residue. 17 Quinidine, a class IA antiarrhythmic drug, blocks hERG channel, which is influenced by Tyr652 residue. 18 However, the binding sites mediate drug-induced indirect mechanism that is less elucidated. Fluoxetine and norfluoxetine have been found to reduce I hERG by blocking hERG channel and disrupting trafficking; however, the two effects were not mediated by a single binding site. The direct block was mediated by drug binding to S6 domain of the hERG subunit, while trafficking deficiency was mediated by binding to a different site or a related protein. 19 In this study, we used site-directed mutagenesis to test whether Y652A or F656V mutation alter the BBR sensitivity of hERG after long-term treatment. In Figure 2 , BBR showed no remarkable inhibition of Y652A-hERG and F656V-hERG protein or current after overnight incubation. The result surprisingly manifested that binding to the two residues accounts for BBR-induced hERG defect. For this reason, we propose that BBR binds to both immature and mature conformation of hERG channel, the former leads to conformation defect of hERG, thus abnormal trafficking, and the latter results in direct block. On account of the high proarrhythmic potential of BBR, we strived to search for rescue approaches of drug-induced hERG dysfunction. hERG channel blockers are widely used to rescue hERG dysfunction. One of the reasons is that many Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Yan et al high-affinity hERG channel-blocking drugs, such as E4031 and terfenadine, can result in pharmacological rescue. 9, 15 However, a great majority of rescued hERG channels are dysfunctional because the binding sites of those drugs that have reverse effects are often the same with the sites as drugs that block the channels. Therefore, we should look forward to more effective and appropriate rescue strategies.
In this study, we tested three drugs that have previously been reported to rescue trafficking-deficient hERG channel for restoration of BBR-induced hERG defect. We first chose the cardioprotective drug, resveratrol, which was used to correct trafficking defect caused by arsenic trioxide via acceleration of interaction between hERG and chaperones, and alleviation of ER stress.
14 In addition, resveratrol shortened APD 50 and APD 90 recorded in freshly isolated guinea pig ventricular myocytes by inhibition of I ca-L and restoration of I kr when coincubated with arsenic trioxide. We also used astemizole (an antihistamine drug), a high-affinity blocker of hERG channel, which is thought to interact with the amino acid residue Tyr652. 20 Astemizole is able to restore not only trafficking of hERG N470D and G601S mutants, 9, 21 but also trafficking inhibition induced by pentamidine in which astemizole acts as a conformation-sensitive chaperone and competes with pentamidine for overlapping binding sites. 5 The third agent is another antihistamine drug called fexofenadine, a weak blocker of hERG, which is thought to be devoid of QT interval prolongation and other serious arrhythmia at clinical relevant concentration. 22, 23 Fexofenadine also corrects trafficking of hERG N470D, which is different from astemizole that the RC 50 of fexofenadine is approximately 300-fold lower than IC 50 , which indicates that pharmacological rescue can occur without channel block. 15 However, the mechanisms of this profitable manner remain unknown. In Figures 3 and 4 , we observed that all the three drugs rescued hERG expression on cell surface in the presence of 10 μM BBR. However, proteins rescued by astemizole were nonconducting, the reason of which might be that recovered channels were blocked by astemizole due to its high affinity and washout of the drug is extremely difficult. Nevertheless, the mechanisms of rescue mediated by these drugs still need further exploration.
In summary, we clarified that disruption of cav-1 and binding to the residues, Tyr652 and Phe656, are responsible for BBR-induced hERG reduction on the membrane, Drug Design, Development and Therapy
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